Abstract
Introduction

33
Human motor learning has been intensively studied for many decades [1, 2] . However, 34 insufficient attention has been given to individual-or group-level differences in visuomotor indirectly via a laparoscopic camera that is in turn projected to a video display, rather than 48 through direct observation, they must also contend with a range of visualization problems 49 including absent depth information, variable magnification, and a restricted and frequently 50 distorted (e.g., rotated) field of view. These factors, which are often subsumed under the 51 general rubric of "challenges for hand-eye coordination" [7] , also impose heavy 
54
A related and potentially deeper explanation for why MIS is difficult to learn is that 55 it requires complex sensorimotor transformations [10, 11] 
Experimental Procedure
106
Subjects were instructed to perform fast and accurate reaching movements with the 107 dominant (right) arm using cursor feedback, whenever it was available. Subjects 108 performed reaches from a start target located at the center of the workspace to 11 109 different target locations 9 cm away from the start target and spaced 30° apart (Fig 1) The 6 110 start target was a solid red circle (5 mm diameter), and each reach target was a solid 111 green circle (5 mm diameter). The appearance of the reach target served as the go cue.
112
Subjects were positioned so that the starting target was directly in front of their torso.
113
Although these data are not reported here, a second workspace was also tested. In this 114 experiment, the target array was translated rightward, which required subjects to extend 115 their shoulder joint clockwise 45° to acquire the start target [23] . at 0° in the frontal plane. As the subject reached toward the target, cursor feedback was 134 rotated about the start target by 30° (CW or CCW; counterbalanced between subjects).
135
For the cursor to move directly toward the target, hand motion would need to be directed 
Results
181
To assess performance differences between groups, we measured reaction time (RT), (Fig. 2) . We also compared reaction time (RT = movement onset -go cue onset). The within-subject factor of BIN and the between-subject factor of GROUP were 218 compared via repeated-measures ANOVAs across 11 bins of 10 trials per bin. There was 11 219 a significant within-subject effect of BIN (F 1,7.465 = 59.6, p<.001, 2 = 0.231; Greenhouse-
220
Geisser corrected) as well as a significant between subject effect of GROUP (F 1,7.465 = 221 269, p<.001, 2 = 0.573; Greenhouse-Geisser corrected). These results indicate that 222 while both groups adapted rapidly, experts did in fact adapt significantly faster than 223 controls (Fig 3) . In addition, averaged over the last two bins of trials during the adaptation Reaction time and duration decreased over the course of the adaptation phase while peak 227 velocity increased for both experts and controls (Fig 3) . Although not our primary focus,
228
there were significant within-subject effects of BIN as well as significant between subject 229 effects of GROUP for all remaining movement parameters (Table 1) . 
233
Thick solid lines show model fits.
235
Finally, we investigated whether generalization of learning differed between the groups.
236
Local generalization to new, untrained target directions decreased as a function of 237 distance from the trained direction (up to ±90° from the trained target direction) for both 238 experts and controls (Fig 4) . The within-subject factor of TARGET and the between- To further quantify the difference in generalization between experts and controls, endpoint 251 data from targets were averaged across subjects and fit to a simple Gaussian model (see 
Discussion
262
In the current study, we found that expert minimally invasive surgeons exhibit enhanced 263 visuomotor learning in every measure we tested. Specifically, experts adapted to the 264 imposed visuomotor rotation more rapidly and more completely than controls. They also 
